Schweitzer GG, Arias EB, Cartee GD. Sustained postexercise increases in AS160 Thr 642 and Ser 588 phosphorylation in skeletal muscle without sustained increases in kinase phosphorylation.
. Because phosphorylation of AS160 on both AS160
Thr642 and AS160 Ser588 is important for insulin-stimulated glucose transport (GT), we determined if exercise would also induce a sustained increase in pAS160
Ser588 concomitant with persistently elevated pAS160
Thr642 and GT. Given that the mechanisms for sustained postexercise (PEX) effects on pAS160 were uncertain, we also studied the four kinases known to phosphorylate AS160 (Akt, AMPK, RSK, and SGK1). In addition, because the serine/ threonine phosphatase(s) that dephosphorylate muscle AS160 were previously unidentified, we assessed the ability of four serine/threonine phosphatases (PP1, PP2A, PP2B, and PP2C) to dephosphorylate AS160. We also evaluated exercise effects on posttranslational modifications (Tyr 307 and Leu 309 ) that regulate PP2A. In isolated epitrochlearis muscles from rats, GT at 3hPEX with insulin significantly (P Ͻ 0.05) exceeded SED controls. Muscles from 0hPEX vs. 0hSED and 3hPEX vs. 3hSED rats had greater pAS160
Thr642 and pAS160 Ser588 . AMPK was the only kinase with greater phosphorylation at 0hPEX vs. 0hSED, and none had greater phosphorylation at 3hPEX vs. 3hSED. Each phosphatase was able to dephosphorylate pAS160
Thr642 and pAS160
Ser588 in cell-free assays. Exercise did not alter posttranslational modifications of PP2A. Our results revealed: 1) pAMPK as a potential trigger for increased pAS160 Thr642 and pAS160 Ser588 at 0hPEX; 2) PP1, PP2A, PP2B, and PP2C were each able to dephosphorylate AS160; and 3) sustained PEX-induced elevations of pAS160 Thr642 and pAS160 Ser588 were attributable to mechanisms other than persistent phosphorylation of known AS160 kinases or altered posttranslational modifications of PP2A.
Akt; AMP-activated protein kinase; glucose transport; insulin sensitivity; serine/threonine phosphatase A SINGLE EXERCISE SESSION can induce a persistent increase in insulin-stimulated glucose transport for up to 3-48 h postexercise (6, 7, 48, 49, 59 ). This increase is attributable to greater insulin-induced recruitment of GLUT4 to the cell surface GLUT4 (23) without increased total GLUT4 abundance (5) . A great deal of evidence indicates that elevated insulin-stimulated glucose transport is not accompanied by enhanced insulin signaling at proximal steps ranging from the insulin receptor to Akt (2, 18, 23, 57, 65, 68) , implicating a more distal event.
Sano et al. (50) identified Akt substrate of 160 kDa (also known as AS160 or TBC1D4) as a distal insulin signaling protein that is a link between insulin's activation of Akt and the subsequent increase in cell-surface GLUT4 in 3T3-L1 adipocytes. Insulin leads to increased AS160 phosphorylation in skeletal muscle (3) , and this increase is important for insulinstimulated glucose transport (33) . Thr 642 and Ser 588 of AS160 are the two primary sites that regulate cell-surface GLUT4 content upon insulin stimulation (50) . Phosphorylation of these sites is predicted to inhibit AS160's activation of Rab-GTPase proteins and favor greater exocytosis of GLUT4 vesicles, leading ultimately to greater glucose transport (50) .
We previously reported that AS160 phosphorylation is increased immediately postexercise and remains elevated for up to 3 and 27 h after cessation of exercise (2, 17, 18) . Furthermore, the sustained AS160 phosphorylation on the Thr 642 site tracked closely with the postexercise increase in insulin-stimulated glucose transport in rat skeletal muscle (17, 18) . We proposed the idea that the persistent AS160 phosphorylation postexercise may be important for the increase in insulinstimulated glucose transport after acute exercise. The first aim of this study was to determine in rat skeletal muscle if the phosphorylation of the second key site of AS160 (Ser 588 ) is also enhanced both immediately and 3 h after exercise.
A plausible mechanism that might lead to the persistent elevation in AS160 phosphorylation after acute exercise is a long-lasting activation of kinases. Using a cell-free assay, Geraghty et al. (21) identified four kinases (Akt, AMPK, SGK, and RSK) that were able to phosphorylate AS160. Therefore our second aim was to determine if SGK and/or RSK phosphorylation in skeletal muscles were increased immediately and/or 3 h postexercise. The consensus sequences for substrate phosphorylation are nearly identical for p70S6K compared with Akt (41) , and some studies have indicated that exercise can increase activation of p70S6K in skeletal muscle (11, 62) . Accordingly, we also evaluated the phosphorylation of p70S6K in skeletal muscle in response to an exercise protocol previously demonstrated to cause a sustained increase in the phosphorylation of AS160 (2, 17, 18) .
Protein phosphorylation status depends on the balance of actions by kinases and phosphatases, but nothing is currently known about which of the protein phosphatases are able to dephosphorylate AS160. To overcome this gap in knowledge, our third aim was to determine if any of the four most highly expressed serine/threonine protein phosphatases in skeletal muscle [protein phosphatases 1 (PP1), 2A (PP2A), 2B (PP2B), and 2C (PP2C) (12, 24, 28, 52, 61) ] were able to dephosphorylate AS160 using cell-free assays.
PP2A has been shown to be regulated via posttranslational modifications on its catalytic subunit (Tyr 307 phosphorylation and Leu 309 methylation). Each of these modifications has been suggested as potential modulator of PP2A's function (16, 29, 36, 39, 56, 67). Our fourth aim was to determine if tyrosine phosphorylation and/or leucine methylation on PP2A's catalytic subunit were altered immediately or 3 h postexercise. and water ad libitum. Starting at 1700 on the night before the experiments, rats were fasted. On the following day, rats were randomly assigned to a postexercise (PEX) or sedentary (SED) treatment. Beginning at ϳ0900, PEX rats swam in a barrel filled with water (35°C) to a depth of ϳ60 cm (seven or eight rats per barrel) for 4 ϫ 30 min bouts, with a 5-min rest period between each bout. Rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (5 mg/100 g body wt) either immediately postexercise (0hPEX) or 3-4 h postexercise (3hPEX) along with time-matched sedentary rats. After exercise, the 3hPEX rats and their time-matched sedentary controls (3hSED) were allowed access to drinking water. While the rats were under deep anesthesia, both epitrochlearis muscles [myosin heavy chain composition of 8% type I, 13% type IIA, 51% type IIB, and 28% type IIX (8) ] were rapidly dissected out and either freeze-clamped immediately or transferred to vials for subsequent incubation.
METHODS

Materials
Muscle dissection and incubations. For the 0hPEX experiment, following anesthetization, an epitrochlearis muscle from each rat was rapidly dissected out, trimmed, freeze-clamped using aluminum clamps cooled to the temperature of liquid N 2, and stored at Ϫ80°C until analyzed. The contralateral muscle from each rat in the 0hPEX experiment (including both 0hPEX and time-matched SED treatment groups) underwent a two-step incubation as previously described (2) For the 3hPEX experiment, rats were dried following the final exercise bout and returned to their cage for 3 h before being anesthetized. Time-matched SED rats were also anesthetized, and then epitrochlearis muscles were dissected out. Both epitrochlearis muscles from each animal were incubated in solution 1 (KHB with 0.1% BSA, 8 mM glucose, and 2 mM mannitol) for 30 min in a water bath at 35°C. During this step, one muscle from each rat was incubated in solution 1 supplemented with 50 U/ml of insulin, and the contralateral muscle was incubated in solution 1 without insulin. The same insulin concentration was used for each muscle during all subsequent incubations. After the initial incubation, muscles were transferred to vials containing solution 2 with or without 50 U/ml insulin at 30°C for 10 min. Finally, muscles were transferred to flasks containing solution 3 with or without 50 U/ml insulin at 30°C for 10 min for determination of glucose transport rate. For all incubation steps, flasks were continuously gassed from above with 95% O 2-5% CO2 and shaken in a heated water bath. After incubation with 3-MG for 10 min, the muscles were rapidly blotted on filter paper dampened with incubation medium, trimmed, freeze-clamped, and stored at Ϫ80°C until being processed as described below.
Homogenization and glucose transport measurement. Frozen muscles were homogenized in 1 ml ice-cold homogenization buffer (1% Triton X-100, 1 mM activated Na3VO4, 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM phenylmethanesulfonyl fluoride, and 1 g/ml leupeptin in water) using glass-on-glass tubes (Kontes, Vineland, NJ) for all samples except those used for phosphatase cell-free assays which were homogenized using the same homogenization buffer by high-speed tissue disruption with the TissueLyser II (Qiagen, Valencia, CA). Homogenates were subsequently solubilized by rotating at 4°C at 50 rpm for 1 h before being centrifuged (15,000 g for 15 min at 4°C). Aliquots of the supernatant from muscles used for the 3-MG transport measurement were pipetted into vials with scintillation cocktail for scintillation counting, and 3-MG transport were determined as previously described (4) . A portion of the supernatant were used to determine protein concentration by the bicinchoninic acid assay (53) according to the manufacturer's instructions (Pierce Biotechnology; no. 23227). The remaining supernatant was stored at Ϫ80°C until further analyzed.
Immunoprecipitation. Aliquots of the homogenates prepared as described above (300 g protein) were brought to the same volume to equalize the concentration of muscle lysates and were precleared with 100 l of protein G agarose beads for 1 h. When using protein G agarose beads for the immunoprecipitation of SGK (for samples that were subsequently used for immunoblotting with anti-phospho-Thr 256 SGK1), the muscle lysates were mixed with an immunomatrix of 100 l of protein G agarose beads that had been gently rotated with 3 g/l of anti-AS160 for 1 h. The lysate-antibody-protein G mixture was gently rotated overnight at 4°C at 5 rpm. When using protein A sepharose beads for immunoprecipitation of AS160, the supernatant from the muscle lysates were gently rotated with 2 g of AS160 antibody for 3 h, after which 25 l of a 50/50 slurry of protein A sepharose beads were added. The lysate-antibody-protein A mixture was gently rotated overnight. Following overnight rotation in both protein G agarose and protein A sepharose immunoprecipitation assays, the immunoprecipitation mix was centrifuged (4,000 g) and supernatant were aspirated. After washing (four times with 500 l PBS), immunoprecipitated proteins were eluted with 2X Laemmli sample buffer, boiled, and subjected to SDS-polyacrylamide gel electrophoresis (PAGE). For the cell-free assays, after washing (three times with 500 l PBS and two times with the appropriate phosphatases buffer, described below), the immunoprecipitated AS160 was eluted with 2X Laemmli sample buffer (1:1 volume), boiled, and subjected to SDS-PAGE.
Immunoblotting and protein phosphorylation. Homogenized muscle lysates were subjected to SDS-PAGE and transferred to nitrocellulose membranes. Blots were then rinsed with Tris-buffered saline plus Tween (TBST) (0.14 mol/l NaCl, 0.02 mol/l Tris base, pH 7.6, and 0.1% Tween), blocked with 5% BSA in TBST for 1 h at room temperature, washed 3 ϫ 5 min at room temperature, and incubated with the relevant primary antibody overnight at 4°C. Blots were then washed 3 ϫ 5 min with TBST, incubated with the relevant secondary antibody (goat antirabbit, goat anti-mouse, goat anti-sheep) IgG horseradish peroxidase conjugate for 1 h at room temperature, washed again 3 ϫ 5 min with TBST, and developed with SuperSignal reagent. Protein bands were quantified by digital densitometry (ProteinSimple, Santa Clara, CA). The mean values for sedentary samples without insulin on each blot were normalized to equal 1.0, and then all samples on the blot were expressed relative to the normalized sedentary without insulin value.
Cell-free dephosphorylation assay using recombinant PP1, PP2A, PP2B, or PP2C. AS160 that had been immunoprecipitated from lysates prepared from epitrochlearis muscles that had been incubated with insulin (2,000 U/ml for 30 min to induce high levels of AS160 phosphorylation) were used to assess the ability of recombinant PP1, PP2A, PP2B, and PP2C to dephosphorylate AS160 Thr642 and AS160 Ser588 . The immunoprecipitated AS160 (as described above) was incubated for 2 h at 30°C with gentle shaking in the appropriate buffer for each phosphatase. PP1 buffer was 50 mM HEPES, 100 nM NaCl, 2 mM DTT, and 1 mM MnCl 2 in 0.01% Brij35 (pH 7.5). PP2A buffer was 50 mM Tris-HCl (pH 8.5), 20 mM MgCl2, and 1 mM DTT. PP2B buffer was 50 mM Tris (ph7.5), 100 mM NaCl, 6 mM MgCl2, 0.5 mM DTT, 1 mM CaCl2, 0.05% NP-40, and 0.5 M calmodulin. PP2C buffer was 20 mM Tris-HCl (pH 7.4), 10 mM MnCl2, 0.5 mM EGTA (pH 8.0), and 3 mM 2-mercaptoethanol in 0.2 mg/ml BSA. The reactions were terminated by adding SDS loading buffer (2X) to the reaction and boiling the sample for 5 min. Samples were subsequently subjected to SDS-PAGE, immunoblotted to nitrocellulose membranes, and blots were probed with anti-phospho-Thr 642 AS160 and anti-phospho-Ser 588 AS160 (10). Statistical analyses. Statistical analyses were done using Sigma Stat version 2.0 (San Rafael, CA). Data were expressed as means ϮSE. When an analysis comparing four groups was required, a two-way ANOVA was used to determine significant differences, and a Tukey post hoc test was used to identify the source of significant variance. When an analysis comparing two groups was required, a t-test was used to determine significant differences. A P value Յ0.05 was considered statistically significant.
RESULTS
3-MG transport.
Insulin-independent glucose transport measured immediately postexercise was three-to fourfold greater than time-matched sedentary controls (P Ͻ 0.05; Fig. 1A ). This effect was lost in muscles dissected from rats that were returned to their cage following exercise without access to food for 3 h (3hPEX). Muscles stimulated with a submaximally effective insulin dose (50 U/ml) had greater glucose transport than paired muscles incubated without insulin for both 3hSED (ϳ2-fold greater; P Ͻ 0.05) and 3hPEX (3-to 4-fold greater; P Ͻ 0.05; Fig. 1 ) rats. The glucose transport for insulinstimulated muscles was significantly greater for the 3hPEX group vs. the 3hSED group (P Ͻ 0.05; Fig. 1) .
Total abundance of proteins. There were no significant effects of exercise or insulin on the total abundance of any of the proteins that were assessed (AS160, AMPK␣, Akt, RSK, SGK1, and p70S6K; Fig. 2) . For rats in the 0hPEX and 0hSED groups, all muscles that were used to measure 3-MG transport were incubated without insulin to determine the insulin-independent effect of exercise. For rats in the 3hPEX groups and sedentary controls (3hSED), one of the paired muscles was incubated without insulin, and the contralateral muscle was incubated with 50 U/ml insulin. A: data are means ϮSE; n ϭ 8/group. *P Ͻ 0. 
AS160 phosphorylation. AS160
Thr642 and AS160 Ser588 phosphorylation were increased in 0hPEX vs. 0hSed rats (P Ͻ 0.05; Fig. 3, A and B) . AS160 Thr642 and AS160 Ser588 were increased with insulin in both 3hSED and 3hPEX rats (P Ͻ 0.05; Fig. 3,  C and D) . Additionally, for 3hPEX rats vs. 3hSED rats in the absence of insulin, there were residual and significant differences in AS160
Thr642 and AS160 Ser588 phosphorylation (P Ͻ 0.05; Fig. 3, C and D) .
Kinases. Among all of the kinases that were assessed for phosphorylation in the absence of insulin, there was only a significant difference for AMPK␣ Thr172 at 0hPEX vs. 0hSED (P Ͻ 0.05; Fig. 4A ), and there were no exercise-related differences in Akt Thr308 , Akt Ser473 , RSK Ser380 , SGK1 Thr256 , and p70S6K
Thr389 at 0hPEX (Fig. 4, B-F) . Akt Thr308 phosphorylation was increased with insulin in both 3hSED and 3hPEX rats (P Ͻ 0.05), and Akt Thr308 phosphorylation in muscles incubated with insulin was greater for 3hPEX vs. 3hSED (P Ͻ 0.05; Fig. 5B ), consistent with our previous results (2, 18). However, there was no residual increase in Akt Thr308 phosphorylation in 3hPEX vs. 3hSED rats in muscles incubated without insulin (Fig. 5B) . Akt Ser473 phosphorylation was increased with insulin in both 3hSED and 3hPEX rats (P Ͻ 0.05), but there was no difference in insulinstimulated Akt Ser473 phosphorylation in 3hPEX rats vs. 3hSED rats (Fig. 5C ).
RSK
Ser380 phosphorylation was not significantly altered with insulin in either 3hSED or 3hPEX rats, and there was a trend for a decrease in RSK Ser380 phosphorylation in 3hPEX vs. 3hSED rats (P ϭ 0.15; Fig. 5D ). AMPK␣ Thr172 , SGK1 Thr256 , and p70S6K
Thr389 phosphorylation were not significantly different with or without insulin in either 3hSED or 3hPEX rats, and there was no significant difference for each of these kinases at 3hPEX vs. 3hSED (Fig. 5, A, E, and F, respectively) .
Cell-free phosphatase assays with AS160. PP1, PP2A, PP2B, and PP2C are expressed in skeletal muscle (12, 24, 52, 61) . Recombinant PP1, PP2A, PP2B, and PP2C were each able to reduce the level phosphorylation of insulin-stimulated AS160 Thr642 and AS160 Ser588 phosphorylation in rat epitrochlearis muscle under cell-free conditions (Fig. 6, A-D) .
Posttranslational modifications of PP2A. There was no difference in PP2A
Tyr307 phosphorylation or PP2A Leu309 methylation in 0hSED vs. 0hPEX rats (Fig. 7, A and B) . PP2A Tyr307 phosphorylation was not altered by incubation with insulin or by prior exercise (Fig. 7C ). PP2A
Leu309 methylation was also not altered by incubation with insulin or by prior exercise (Fig. 7D) .
DISCUSSION
A sustained increase in muscle AS160 phosphorylation after exercise has been suggested to be important for the greater Ser588 phosphorylation. For rats in the 0hPEX and 0hSED groups, all muscles that were used to measure AS160 phosphorylation were frozen immediately after dissection to determine the insulin-independent effect of exercise. For rats in the 3hPEX groups and sedentary controls (3hSED), one of the paired muscles was incubated without insulin, and the contralateral muscle was incubated with 50 U/ml insulin. A and B: data are means ϮSE; n ϭ 19 -24/group. *P Ͻ 0. insulin-stimulated glucose transport that can persist for many hours postexercise, but the mechanisms for the long-lasting AS160 phosphorylation are unknown. Consistent with earlier studies (2, 18) , exercise resulted in elevated insulin-dependent glucose transport at 3hPEX. The most important new results were that in rat epitrochlearis: 1) both phosphosites of AS160 that are important for insulin-stimulated glucose transport (Thr 642 and Ser 588 ) have increased phosphorylation both immediately and 3 h postexercise; 2) AMPK␣ phosphorylation, but none of the other known AS160 kinases, was increased immediately postexercise; 3) phosphorylation was not increased for any of the four known AS160 kinases or p70S6K at 3 h postexercise; 4) all four of the serine/threonine phosphatases that were studied were able to dephosphorylate AS160 on both the Thr 642 and Ser 588 phosphosites; and 5) prior exercise did not alter posttranslational modifications of PP2A.
Current understanding of the biological basis for greater insulin sensitivity after acute exercise has greatly benefitted from research using a variety of experimental approaches. The first study that clearly demonstrated that insulin sensitivity was elevated after a single exercise session used the perfused rat hindlimb to document the effect in the absence of factors in the plasma (48) . Subsequently, other studies established that acute exercise can improve insulin-stimulated glucose uptake by skeletal muscle in vivo (19, 37, 44, 63, 64) . By studying isolated rat epitrochlearis muscles, Wallberg-Henriksson et al. (60) demonstrated that elevated insulin-stimulated glucose transport after one exercise session was attributable, at least in large part, to sustained exercise effects on the intrinsic properties of the muscle itself rather than being exclusively the direct consequence of systemic factors (e.g., exercise-induced changes in circulating factors in the plasma, altered muscle blood flow, etc.). The magnitude and persistence of the acute exercise effect on insulin-stimulated glucose transport in the isolated rat epitrochlearis corresponds to the substantial and sustained enhancement of insulin-stimulated glucose uptake that has been repeatedly observed in vivo (19, 37, 44, 63, 64) . After the landmark study by Wallberg-Henriksson et al. (60) was published, the isolated rat epitrochlearis became one of the most widely used and valuable models for probing mechanisms that contributed to greater insulin-stimulated glucose transport in skeletal muscle after acute or chronic exercise (6, 7, 15, 20, 22, 23, 25, 30, 31, 35, 38, 47, 51, 54) . In the context of the extensive knowledge base on exercise-induced changes in insulin signaling and glucose transport in this model, we recently used the isolated rat epitrochlearis to study, for the first time, the effects of acute exercise on subsequent AS160 phosphorylation and insulin-stimulated glucose transport in , E: SGK Thr256 , and F: p70S6K Thr389 . All muscles that were used to measure kinase phosphorylation were frozen immediately after dissection to determine the insulin-independent effect of exercise. A-F: data are means Ϯ SE; n ϭ 4 -12/group. *P Ͻ 0.05 (exercise effect, t-test). Open bars indicate 0hSED and hatched bars indicate 0hPEX. skeletal muscle. We discovered that the increased insulinstimulated glucose transport observed at 3-4 h after exercise was accompanied by greater phosphorylation of AS160 (2, 18) . The current research builds upon our earlier observations with the goal of advancing understanding of the mechanisms that accounted for the greater phosphorylation of AS160 that we previously found concomitant with greater insulin-stimulated glucose transport after exercise in the isolated rat epitrochlearis muscle. Accordingly, in the current study, we used experimental conditions that corresponded to those that were used in the previous studies (2, 18).
Sano et al. (50) provided compelling evidence that phosphorylation on AS160 Thr642 and AS160 Ser588 accounts for AS160's effects on insulin-stimulated GLUT4 translocation (50) . Accordingly, we assessed exercise effects on both of these crucial phosphosites. The current study confirmed earlier results (17, 18) showing that AS160 Thr642 phosphorylation is increased immediately and 3 h postexercise in rat skeletal muscle and extended the previous studies by demonstrating that AS160 Ser588 phosphorylation is also increased both immediately and 3 h postexercise in rat muscle. The current results demonstrate that both of the phosphosites of AS160 that are important for insulin-mediated glucose transport have sustained phosphorylation in rat muscle 3 h after exercise concomitant with increased insulin-stimulated glucose transport. Treebak et al. (58) evaluated human skeletal muscle at 4 h after exercise and reported that exercise significantly increased phosphorylation of AS160 Ser318 , AS160 Ser341 , and AS160 Ser751 with a trend for increased phosphorylation on AS160 Ser588 but not AS160 Thr642 . Although the reason for the differing results for AS160 Thr642 in rats vs. the results for humans after exercise is unknown, it is clear that a single bout of exercise can induce a sustained increase in AS160 phosphorylation of skeletal muscle in either species.
Increased kinase-mediated AS160 phosphorylation is a plausible mechanism to explain sustained AS160 phosphorylation after exercise. Therefore all the known AS160 kinases (Akt, AMPK␣, RSK, and SGK1) were studied (21) . Phosphorylation of AMPK␣ on the site essential for its kinase activity (55) was increased immediately postexercise. Because we found no immediate postexercise increases in the phosphorylation of any of the other known AS160 kinases on sites essential for their kinase activity (1, 13, 34, 40) , these results implicate AMPK as the leading candidate to account for the exercise-induced increase in AS160 phosphorylation. However, AS160 phosphorylation remained elevated at 3 h postexercise despite no concomitant exercise-induced elevation in phosphorylation of AMPK␣, Akt, RSK, or SGK1. We also evaluated p70S6K because its consensus substrate phosphorylation motif is similar to that of SGK1 and RSK (14, 41) . However, phosphorylation of p70S6K on a site required for its increased kinase activity (42) was unaltered either immediately or 3 h postex- ercise compared with sedentary controls. Neither Akt Thr308 nor Akt Ser473 was increased in rat skeletal muscle immediately after exercise. Although the current results did not provide evidence linking prolonged activation of any of the kinases studied to sustained AS160 phosphorylation, it remains possible that one or more of these kinases can influence AS160 phosphorylation [e.g., via altered subcellular localization of the kinase(s) and/or AS160]. However, the exercise protocol used in the current study leads to greater phosphorylation of both acetyl-CoA carboxylase (ACC, a well-known AMPK substrate) and TBC1D1 [a paralog protein of AS160 and substrate of both AMPK and Akt (9)] immediately postexercise (2, 18), but there was not a sustained increase in either ACC or TBC1D1 phosphorylation 3 to 4 h postexercise. Furthermore, there was also no effect of this exercise protocol on phosphorylation of glycogen synthase kinase-3 (an Akt substrate) immediately or 3 to 4 h postexercise (2) . These results argue against sustained activation of AMPK or Akt. Nonetheless, it remains possible that a currently unknown kinase is also able to phosphorylate AS160 and that this putative kinase could potentially have sustained effects on AS160 after exercise.
Protein phosphorylation status represents the balance between the actions of kinases and phosphatases. In the absence of evidence supporting increased phosphorylation of AS160 by any of the known AS160 kinases, it was logical to consider that decreased phosphatase activity may contribute to the sustained AS160 phosphorylation after acute exercise. Ingebritsen et al. (27) reported that the four major serine/threonine phosphatases represented the following relative contributions to total enzyme activity in skeletal muscle: PP1 (61%), PP2A (18%), PP2B (20%), and PP2C (0.1%). No previous studies have attempted to identify which of the serine/threonine phosphatases are responsible for AS160 dephosphorylation in skeletal muscle. Accordingly, as a first step to address this important aspect of the regulation of AS160 function, we assessed each of four phosphatases that together account for over 99% of the serine/ threonine phosphatase activity in skeletal muscle (PP1, PP2A, PP2B, and PP2C) to determine if they are able to dephosphorylate AS160 (12, 24, 28, 52, 61) . Under cell-free conditions, each of the four phosphatases was found to dephosphorylate AS160 at both the Thr 642 and Ser 588 phosphosites. These results provided the first information about the specific phosphatases that are able to dephosphorylate AS160 in skeletal muscle.
We performed additional analysis to evaluate the potential influence of exercise on PP2A which has been reported to be regulated by posttranslational modifications on the catalytic subunit, including PP2A Tyr307 phosphorylation (29, 36, 56) and PP2A
Leu309 methylation (16, 39, 67) . Neither PP2A Tyr307 phosphorylation nor PP2A
Leu309 methylation were altered immedi- ately or 3 h postexercise, arguing against a role for these posttranslational modifications in the sustained AS160 phosphorylation postexercise.
If the sustained increase in AS160 phosphorylation after exercise were attributable to a global decline in the total activity of one or more of the serine/threonine phosphatases, then a reasonable prediction would be that prior exercise would be characterized by sustained serine/threonine phosphorylation of multiple proteins. In contrast to this prediction, under identical experimental conditions that have been repeatedly resulted in a sustained AS160 phosphorylation after exercise, we have found that several proteins (e.g., TBC1D1, AMPK, and acetyl CoA carboxylase) with elevated phosphorylation immediately after exercise do not have a persistently increased phosphorylation at 3-4 h postexercise (2, 17, 18) . Taken together, these data are consistent with the idea that the mechanism for sustained AS160 phosphorylation involves specific modulation of AS160 rather than a global attenuation of the activity of serine/threonine phosphatases. One possibility for such an AS160-specific mechanism is that AS160 itself is somehow modified, e.g., by a posttranslational modification (such as acetylation or methylation). In this speculative model, the putative modification of AS160 might induce a conformational change that makes its phosphosites less susceptible to dephosphorylation. Another possible mechanism is that dephosphorylation of AS160 may modulated by AS160's binding to a regulatory protein. For example, experiments using cultured cells have documented that AS160 can bind to 14-3-3 proteins (21, 32, 45) . Although the direct binding of 14-3-3 to AS160 has apparently not been reported for skeletal muscle tissue, Howlett et al. (26) used an overlay assay and found that 14-3-3 binding capacity of immunoprecipitated AS160 prepared from human skeletal muscle was elevated immediately after exercise but not at 3hPEX. Other proteins (insulin-regulated amino peptidase, ClipR-59, and RUVBL2) have also been reported to bind to AS160 in cultured cells (43) , and there is evidence supporting the idea that RUVBL2 or ClipR-59 binding to AS160 may modulate AS160 phosphorylation (46, 66) .
The current study demonstrated for the first time that both of the AS160 phosphosites that are known to be crucial for regulating insulin-stimulated GLUT4 translocation (AS160 Thr642 and AS160
Ser588
) have sustained phosphorylation in rat skeletal muscle after exercise that leads to increased insulin-stimulated glucose transport, and the long-lasting AS160 phosphorylation was evident without concomitant phosphorylation of the four kinases known to be able to phosphorylate AS160. The current study also revealed that each of the four most abundant serine/threonine phosphatases in skeletal muscle is capable of dephosphorylating AS160 from skeletal muscle. It will be important for future studies to identify which of these enzymes are responsible for regulating AS160 phosphorylation in skeletal muscle under physiologic conditions. The results of this study have led to our working hypothesis that posttranslational modifications of AS160 and/or binding of AS160 to regulatory Leu309 methylation. For rats in the 0hPEX and 0hSED groups, all muscles that were used to measure AS160 phosphorylation were frozen immediately after dissection to determine the insulin-independent effect of exercise. For rats in the 3hPEX groups and sedentary controls (3hSED), one of the paired muscles was incubated without insulin, and the contralateral muscle was incubated with 50U/ml insulin. A and B: data are means Ϯ SE; n ϭ 7/group. Open bars indicate 0hSED and hatched bars indicate 0hPEX. C and D: data are means Ϯ SE; n ϭ 8 -12/group. Open bars indicate muscles incubated without insulin and filled bars indicate muscles incubated with insulin.
proteins contribute to the sustained postexercise increase in AS160 phosphorylation that accompanies the persistent increase in insulin-stimulated glucose transport in skeletal muscle.
